Heat shock protein 90 (Hsp90) is an emerging therapeutic target of interest for the treatment of cancer. Its role in protein homeostasis and the selective chaperoning of key signaling proteins in cancer survival and proliferation pathways has made it an attractive target of small molecule therapeutic intervention. 17-Allylamino-17-demethoxygeldanamycin (17-AAG), the most studied agent directed against Hsp90, suffers from poor physical-chemical properties that limit its clinical potential. Therefore, there exists a need for novel, patient-friendly Hsp90-directed agents for clinical investigation. IPI-504, the highly soluble hydroquinone hydrochloride derivative of 17-AAG, was synthesized as an Hsp90 inhibitor with favorable pharmaceutical properties. Its biochemical and biological activity was profiled in an Hsp90-binding assay, as well as in cancer-cell assays. Furthermore, the metabolic profile of IPI-504 was compared with that of 17-AAG, a geldanamycin analog currently in clinical trials. The anti-tumor activity of IPI-504 was tested as both a single agent as well as in combination with bortezomib in myeloma cell lines and in vivo xenograft models, and the retention of IPI-504 in tumor tissue was determined. In conclusion, IPI-504, a potent inhibitor of Hsp90, is efficacious in cellular and animal models of myeloma. It is synergistically efficacious with the proteasome inhibitor bortezomib and is preferentially retained in tumor tissues relative to plasma. Importantly, it was observed that IPI-504 interconverts with the known agent 17-AAG in vitro and in vivo via an oxidation-reduction equilibrium, and we demonstrate that IPI-504 is the slightly more potent inhibitor of Hsp90. T he heat shock response, first identified in 1962 by Ritossa (1), was initially characterized as the induction of select polypeptides in response to an acute cellular heat shock. These polypeptides were proteins that bound to partially unfolded proteins to prevent their aggregation and assist in their refolding (2, 3), and were termed chaperones. Of the heat shock proteins, heat shock protein 90 (Hsp90) in particular has been the subject of intense investigation. Work over the last decade has revealed not only a general protein chaperone role for Hsp90, but also a specific chaperone role in the binding of select conformations or metastable forms of signaling proteins (clients), thereby attenuating their signaling activity (4-6). Client proteins include the targets of key cancer survival and proliferation pathways, including Akt, Bcr-Abl, Her-2, mutant EGFR, and c-Kit, many of which are the subject of individual investigation for points of therapeutic intervention. Therefore, two functions of Hsp90 exist: (i) a general protein chaperone function (protein homeostasis) and (ii) a specific function to modulate the integrity of cell-signaling pathways through the proper folding of pathway members that are Hsp90 clients.
Heat shock protein 90 (Hsp90) is an emerging therapeutic target of interest for the treatment of cancer. Its role in protein homeostasis and the selective chaperoning of key signaling proteins in cancer survival and proliferation pathways has made it an attractive target of small molecule therapeutic intervention. 17-Allylamino-17-demethoxygeldanamycin (17-AAG), the most studied agent directed against Hsp90, suffers from poor physical-chemical properties that limit its clinical potential. Therefore, there exists a need for novel, patient-friendly Hsp90-directed agents for clinical investigation. IPI-504, the highly soluble hydroquinone hydrochloride derivative of 17-AAG, was synthesized as an Hsp90 inhibitor with favorable pharmaceutical properties. Its biochemical and biological activity was profiled in an Hsp90-binding assay, as well as in cancer-cell assays. Furthermore, the metabolic profile of IPI-504 was compared with that of 17-AAG, a geldanamycin analog currently in clinical trials. The anti-tumor activity of IPI-504 was tested as both a single agent as well as in combination with bortezomib in myeloma cell lines and in vivo xenograft models, and the retention of IPI-504 in tumor tissue was determined. In conclusion, IPI-504, a potent inhibitor of Hsp90, is efficacious in cellular and animal models of myeloma. It is synergistically efficacious with the proteasome inhibitor bortezomib and is preferentially retained in tumor tissues relative to plasma. Importantly, it was observed that IPI-504 interconverts with the known agent 17-AAG in vitro and in vivo via an oxidation-reduction equilibrium, and we demonstrate that IPI-504 is the slightly more potent inhibitor of Hsp90. T he heat shock response, first identified in 1962 by Ritossa (1) , was initially characterized as the induction of select polypeptides in response to an acute cellular heat shock. These polypeptides were proteins that bound to partially unfolded proteins to prevent their aggregation and assist in their refolding (2, 3) , and were termed chaperones. Of the heat shock proteins, heat shock protein 90 (Hsp90) in particular has been the subject of intense investigation. Work over the last decade has revealed not only a general protein chaperone role for Hsp90, but also a specific chaperone role in the binding of select conformations or metastable forms of signaling proteins (clients), thereby attenuating their signaling activity (4) (5) (6) . Client proteins include the targets of key cancer survival and proliferation pathways, including Akt, Bcr-Abl, Her-2, mutant EGFR, and c-Kit, many of which are the subject of individual investigation for points of therapeutic intervention. Therefore, two functions of Hsp90 exist: (i) a general protein chaperone function (protein homeostasis) and (ii) a specific function to modulate the integrity of cell-signaling pathways through the proper folding of pathway members that are Hsp90 clients.
Multiple myeloma (MM) is a neoplasm of terminally differentiated B cells (plasma cells) (7) . Because of the high protein secretory load of the myeloma cell, it is highly dependent on proper protein homeostasis -protein chaperones (e.g., cytoplasmic Hsp90 and its endoplasmic reticulum homolog Grp94) as well as other protein homeostatic mechanisms (e.g., ubiquitin-proteasome pathway, whose role is to degrade damaged or unfolded proteins) play key roles in this process. The recent regulatory approvals of the proteasome inhibitor bortezomib for the treatment of MM validates the clinical utility of disrupting protein homeostasis in treating myeloma (8) . Work has also demonstrated the importance of the NF-B pathway for the growth and survival of myeloma cells (9) . The Hsp90 client and NF-B pathway member IkB kinase (IKK) is a key regulator of the signaling in this pathway (10) . Therefore myeloma is an attractive candidate for therapeutic Hsp90 inhibition (11) .
Geldanamycin is a natural product inhibitor of both Hsp90 and Grp94, with potent and broad anti-cancer properties. Its mechanism was unknown for many years until it was characterized by Whitesell et al. (12) as a direct inhibitor of the ATPase function of Hsp90. The natural product was deemed too toxic to treat patients and subsequent modifications were made to geldanamycin to improve its therapeutic index. In particular, the 17-allylamine derivative, 17-allylamino-17-demethoxygeldanamycin (17-AAG) has received considerable attention because of its more favorable pharmacologic properties. As a potent reversible inhibitor of Hsp90, it has demonstrated efficacy in both hematologic as well as solid tumor animal models of cancer and is now the subject of multiple clinical trials (13) . Notwithstanding its improved pharmacologic properties, 17-AAG has poor pharmaceutical properties, namely water insolubility. Its solubility in aqueous solution is Ϸ50 g͞ml and requires the addition of organic excipients such as DMSO or polyoxyl castor oil (Cremophor) (13) . DMSO is known to cause adverse events when administered to patients (nausea, vomiting, mal-odor) and to be potentially hepatotoxic and cardiotoxic (14, 15) . Cremophor is known to induce hypersensitivity reactions and anaphylaxis and requires pretreatment with antihistamines and steroids (16) . Clinical trials with 17-AAG in these excipients may confound the true maximum tolerated dose of 17-AAG and identification of the optimal dosing regimen in patients. Therefore extensive effort has been directed toward the development of novel, water-soluble Hsp90 inhibitors.
The work contained in this article will describe the synthesis of 17-allylamino-17-demethoxygeldanamycin hydroquinone hydrochloride (IPI-504), a water-soluble Hsp90 inhibitor, and its in vitro and in vivo biological characterization in MM.
Results and Discussion
Discovery of IPI-504. In an effort to synthesize water-soluble analogs of 17-AAG, it was recognized that the benzoquinone of 17-AAG could be chemically reduced to its hydroquinone analog. Literature precedence suggested hydroquinone derivatives of geldanamycin were prone to air oxidation and readily converted back to their quinone forms (17, 18) . However, it was realized that protonation of the aniline nitrogen of 17-AAG hydroquinone decreases electron density in the aromatic ring, thus reducing the oxidative potential of the hydroquinone (Fig. 5 , which is published as supporting information on the PNAS web site). The hydroquinone hydrochloride salt (IPI-504) can be isolated in high purity as a solid and is less prone to air oxidation than the free base hydroquinone (19) . As a stable hydrochloride salt, IPI-504 exhibits dramatically different physical-chemical properties compared with 17-AAG. IPI-504 is readily soluble in water (Ͼ250 mg͞ml) compared with 17-AAG (Ϸ50 g͞ml), thereby enabling aqueous delivery formulations of IPI-504 that do not require organic solubilizing agents which have their own limitations.
IPI-504 and 17-AAG Interconvert in Vitro and in Vivo.
To compare the metabolic profile of the water-soluble Hsp90 inhibitor IPI-504 with 17-AAG, human liver microsomes were incubated for 1 h at 37°C with 50 g͞ml IPI-504 or 17-AAG. To stabilize the hydroquinone, the reactions were quenched with a mixture of methanol and an acidic buffer containing ascorbic acid as an antioxidant. The overlay of the HPLC chromatograms (Fig. 1A) shows that IPI-504 and 17-AAG exhibit the same metabolic profile with respect to the major metabolites, of which some have already been previously identified for 17-AAG (20) . Comparison of the chromatogram for the 60 min incubation in the presence or absence of the enzymatic cofactor NADPH and the chromatogram for the incubation at t ϭ 0 min shows that all of the metabolites are formed in a NADP͞ NADPH-dependent manner (Fig. 1B) .
A surprising result, however, was the appearance of IPI-504, the hydroquinone form of 17-AAG, in the incubation of 17-AAG with human liver microsomes and in the incubation reaction with IPI-504 ( Fig. 1 A) , even though it was expected to oxidize to 17-AAG under the neutral pH conditions of a microsome assay.
To further investigate this potential physiological equilibrium between IPI-504 and 17-AAG, both compounds were incubated with human liver microsomes, the reactions quenched at incremental time points and the peak areas for IPI-504 and 17-AAG determined (Fig. 2) . The results clearly demonstrate that incubation of 17-AAG with human liver microsomes leads to a hydroquinonequinone equilibrium after Ϸ30 min in human liver microsomes at 50 g͞ml substrate concentration. IPI-504 initially oxidizes to 17-AAG as expected under physiological conditions. After Ϸ10 min, however, the amount of IPI-504 increases again because of an enzymatic reduction in the microsomal preparation of hepatocytes, which is likely to be performed by oxidoreductases (21) . As in the case of 17-AAG, an enzymatic reaction produces the hydroquinone form (i.e., the free base of IPI-504) after 10 min, reaching equilibrium at 30 min with the oxidation of IPI-504 to 17-AAG. The further decrease in the abundance of both compounds is due to further metabolism.
In light of the fact that IPI-504 and 17-AAG interconvert because of oxidation of the hydroquinone and enzymatic reduction of the quinone, we wanted to investigate the assumption that this interconversion should lead to similar pharmacokinetic profiles for IPI-504 and 17-AAG in vivo. Therefore, IPI-504 or 17-AAG were administered intravenously to BALB͞c mice at 50 mg͞kg. At selected time points, plasma was collected and immediately quenched with an acidic buffer containing antioxidant to stabilize the hydroquinone. The samples were then analyzed by online extraction liquid chromatography-tandem mass spectrometry (LC-MS͞MS) without further sample preparation to determine the plasma concentration-time profile of IPI-504, 17-AAG and the major metabolite 17-(amino)-17-demethoxygeldanamycin (17-AG). Fig. 3 shows that i.v. administration of either IPI-504 or 17-AAG in BALB͞c mice leads to very similar plasma concentration-time profiles for IPI-504, 17-AAG and 17-AG. In both cases, a rapid interconversion between IPI-504 and 17-AAG was observed which leads to an equilibrium between the hydroquinone (IPI-504) and the quinone (17-AAG) that is established by 5 min postinjection (the first time point at which blood is sampled). Similar experiments have been conducted in rats and cynomolgus monkeys with the same conclusions (M. H. Abdelhameed, M. Guirguis, J. Carpenter, R. Poole, J.R.S., and J.A.B., unpublished data, personal communication), supporting that IPI-504 and 17-AAG likely interconvert in all species, including humans. The important implication of this finding is that patients who have been administered 17-AAG have previously been exposed to IPI-504.
We were therefore able to demonstrate that IPI-504, the hydroquinone, and 17-AAG, the quinone, interconvert in vitro and in vivo, demonstrating that IPI-504 is a reduction product of 17-AAG. This enzyme-mediated quinone reduction process has been reported for other quinone-containing molecules, including a number of quinone-based anti-cancer agents (22) (23) (24) . In addition, it has also been proposed that 17-AAG is a substrate for NADPH-quinone oxidoreductase 1 (NQO1) (25, 26) . It is, therefore, likely that 17-AAG exists in an equilibrium with its hydroquinone state.
The development of IPI-504 required analytical methods in which the hydroquinone is stabilized to allow its quantitative detection. An acidic citrate quench buffer containing ascorbate as an antioxidant allowed the stabilization of the hydroquinone in plasma and other solutions and therefore enabled the detection of not only IPI-504, but also discover the hydroquinone as a previously unidentified major metabolite of 17-AAG. The incubation of either IPI-504 or 17-AAG with human liver microsomes clearly demonstrated that both compounds exist in a dynamic equilibrium because of an enzymatic reduction of 17-AAG and an oxidation of IPI-504 to 17-AAG under physiological conditions (Fig. 1) . Different human cancer and normal cell lines were incubated with IPI-504 and 17-AAG and the same equilibrium between IPI-504 and 17-AAG was observed in the cellular fraction (data not shown). This redox equilibrium therefore seems to be mediated by multiple oxidoreductases including the NADPH-quinone oxidoreductase NQO1 which is expressed in a variety of tissues and has previously been proposed to affect 17-AAG and also other quinone drugs (21, 26, 27) .
Whether the hydroquinone-quinone equilibrium of IPI-504 and 17-AAG leads to other cytotoxic effects independent of Hsp90 inhibition is unclear at this point. Some work suggests that NQO1 as an oxidoreductase increases the sensitivity of cells to 17-AAG (25, 26) , but it is not clear whether this effect is due only to an increased affinity of the hydroquinone for Hsp90 or to other cytotoxic mechanisms that are caused by a redox equilibrium.
Biochemical Characterization of IPI-504. To assess the intrinsic Hsp90-binding activity of IPI-504 and to determine the active component in the IPI-504:17-AAG dynamic equilibrium, a fluorescence polarization-based Hsp90 competition binding assay was developed. This assay measures the affinity of IPI-504 or 17-AAG for purified human Hsp90 protein by their ability to compete with a fluorescent probe-labeled geldanamycin analogue. Because of the conversion of IPI-504 to 17-AAG at neutral pH in the presence of oxygen, the experiments were conducted in a nitrogen environment to prevent oxidation of IPI-504. IPI-504 reproducibly bound to Hsp90 with an apparent affinity Ϸ2-fold higher than that of 17-AAG (EC 50 ϭ 63 Ϯ 13 nM and 119 Ϯ 23 nM, respectively) (Fig.  6A , which is published as supporting information on the PNAS web site). Time-dependent binding studies also support the reversible nature of IPI-504 binding to Hsp90 (data not shown). These findings demonstrate that whereas IPI-504 and 17-AAG are both active, IPI-504 is Ϸ2-fold more potent. Based on previously solved crystal structures of Hsp90 with geldanamycin analogs, a model may be proposed to explain the tighter binding of IPI-504 relative to 17-AAG (28) . Conversion of the quinone moiety in 17-AAG to hydroquinone in IPI-504 should allow better hydrogen-bonding interactions between 17-NH, phenol OH groups at C18 and C-21 positions, and hydrophilic residues (e.g., D54 and K112) in the binding pocket of Hsp90.
Further experiments were conducted to test the binding affinity of IPI-504 for Grp94, a closely related Hsp90 homolog that functions in the endoplasmic reticulum. The EC 50 values for binding of IPI-504 and 17-AAG to Grp94 were 119 Ϯ 18 nM and 124 Ϯ 53 nM, respectively (Fig. 6B) . These results suggest that inhibition of Grp94 may also be involved in the mechanism of cytotoxicity by IPI-504 and 17-AAG. One potential caveat is that the inhibition of Hsp90 and Grp94 by IPI-504͞17-AAG may be altered in the cellular environment by the presence of cochaperones and client proteins, as Kamal et al. (29) suggested the existence of a high affinity Hsp90 chaperone complex in tumor cells. However, recent work by Gooljarsingh et al. (30) does not support a different affinity between Hsp90 chaperone complex and 17-AAG relative to Hsp90 alone.
In summary, our findings suggest that tissues with a strong reducing environment may lead to an equilibrium favoring IPI-504, the more potent inhibitor of Hsp90, over 17-AAG. It is well known that cancers generally produce hypoxic environments (31) . It has also been reported that some cancers also have increased levels of NQO1, further favoring the IPI-504 hydroquinone (32) . We believe that the reversible equilibrium between IPI-504 and 17-AAG may provide one of several sources of their therapeutic selectivity against cancer versus normal cells, as supported by recent work of Guo et al. (26) .
Cytotoxicity of IPI-504. Loss of Hsp90 function through pharmacologic inhibition results in both the disruption of general protein homeostasis as well as the destabilization and ultimate degradation of Hsp90 client proteins. In many cancer cells, general protein homeostasis and the integrity of Hsp90 client-signaling pathways are essential for the survival and proliferation of the cell. Therefore, experiments were conducted in myeloma cancer and normal cells to characterize the cytotoxicity of IPI-504 for these cell types. In incubations with normal human peripheral blood leukocytes (PBLs) and normal human diploid fibroblasts (NHDFs), the EC 50 for cytotoxicity was multimicromolar or higher (Fig. 7A , which is published as supporting information on the PNAS web site). In contrast, when two human MM cell lines, MM1.s and RPMI-8226, were treated with increasing concentrations of IPI-504 and 17-AAG and the effect on viability evaluated by an Alamar Blue assay, they were both significantly more sensitive than the non-cancer cells. Both IPI-504 and 17-AAG affected cell viability with a similar potency in these cancer-cell lines (EC 50 ϭ 307 Ϯ 51 nM and 306 Ϯ 38 nM, respectively, in MM1.s and RPMI-8226 cells) (Fig. 7B) . This finding demonstrates that IPI-504 is selectively cytotoxic to myeloma cancer cells when compared with normal cells.
Proteasome inhibition also disrupts general protein homeostasis. It was therefore hypothesized that IPI-504 may be synergistic with the proteasome inhibitor bortezomib in its cytotoxicity against the myeloma cell, which is heavily dependent on proper protein homeostasis for secretion of Ig. MM1.s cells were treated with varying combinations of bortezomib and IPI-504 and analyzed for cytotoxicity 72 h later. At combinations where the individual agents were at subeffective concentrations, the combination of bortezomib and IPI-504 was highly synergistic, as earlier suggested for a combination of bortezomib and Hsp90 inhibitors (33) (34) (35) . Both compounds alone at 4 nM killed Ͻ10% of the cells, whereas the combination killed Ϸ50% of the MM1.s cells (Fig. 8 , which is published as supporting information on the PNAS web site). This synergistic effect could be explained in part by the accumulation of ubiquitinated and cytotoxic proteins resulting from the destabilization of Hsp90 client proteins by IPI-504 and the inhibition of their degradation by bortezomib (34) . Another combination of interest has recently emerged, demonstrating that the hyperacetylation of Hsp90 disrupted its chaperone function (36) , and that the combination of histone deacetylase inhibitors with Hsp90 inhibitors exerted synergistic apoptotic effects (37) , further supporting the rationale for combination studies.
In Vivo Efficacy in MM and Tumor Pharmacokinetics. The combined biochemical and cellular data on IPI-504 supported further investigation of this compound in in vivo models of MM. Before determination of in vivo efficacy, we investigated the tumor pharmacokinetics of IPI-504 in RPMI-8226 tumor-bearing mice after an i.v. bolus injection of 50 mg͞kg. Tumor concentrations of IPI-504, 17-AAG, and the major and pharmacologically active metabolite 17-AG were determined by online extraction LC-MS͞MS after homogenization in an acidic quench buffer containing ascorbic acid as an antioxidant. In all analyzed samples, IPI-504, 17-AAG and 17-AG were detected in tumor up to 48 h after i.v. administration of IPI-504. Fig. 4A shows a histogram of the combined concentrations of IPI-504, 17-AAG and 17-AG in the tumor tissue at 4, 24 and 48 h posttreatment. Comparison to the plasma pharmacokinetics (Fig. 3) also shows a preferred tumor retention of IPI-504, 17-AAG and 17-AG. At 48 h, all three compounds persist in tumor tissue at pharmacologically active concentrations (720 nM) (Fig. 4A) . The specific mechanism for drug retention is unknown, but may be attributed to larger amounts of Hsp90 in tumor cells or to the higher affinity of activated Hsp90 in tumor cells for IPI-504, 17-AAG, and 17-AG (29) . The rapid clearance of IPI-504, 17-AAG and 17-AG from the vascular compartment coupled with the retention of drug at biologically active levels in the tumor for at least 48 h may contribute to the therapeutic window for IPI-504.
Based on the tumor pharmacokinetics and the cancer-selective cytotoxicity of IPI-504, an in vivo efficacy study was designed with twice weekly administration of IPI-504 to further explore the in vivo anti-tumor activity of IPI-504. The in vivo experiment was designed to test two hypotheses; first that IPI-504 as a single agent would be active in myeloma, a disease dependent on general protein homeostasis; second, that IPI-504 would be synergistic with the proteasome inhibitor bortezomib. RPMI-8226 tumor-bearing mice were randomly assigned to one of four treatment arms: (i) vehicle, (ii) IPI-504 alone, (iii) bortezomib alone, or (iv) IPI-504 plus bortezomib. As a single agent, IPI-504 delayed tumor progression (total growth inhibition ϭ 73%) when administered intravenously to mice at 100 mg͞kg, twice per week (Fig. 4B) . Similarly, bortezomib delayed tumor progression (total growth inhibition ϭ 62%) when administered intravenously at 0.3 mg͞kg, twice per week. The combination of 75 mg͞kg IPI-504 and 0.3 mg͞kg bortezomib resulted in complete and durable tumor regression. After 30 days of dosing, drug administration was stopped and animals were monitored for tumor regrowth. Animals were monitored for an additional 42 days, and no tumor regrowth was seen after cessation in the animals treated with IPI-504 and bortezomib.
Multiple myeloma cells are known to secrete large amounts of immunoglobulins which have been used as surrogate markers for efficacy in clinical trials (38, 39) . RPMI-8226 cells, in particular, secrete large amounts of light chain. To correlate the in vivo efficacy results with plasma light chain concentrations as a systemic surrogate marker of efficacy, we determined its concentration in the plasma of treated animals 4 h after the last dose (Fig.  4B Inset) . The results clearly demonstrate that the reduction in tumor burden directly correlates with light chain concentration in the plasma. Both IPI-504 and bortezomib treatment lead to a reduction of the plasma concentration. The combination treatment with both drugs, however, leads to a complete loss of light chain in the plasma.
These data provide strong preclinical rationale for the exploration of IPI-504 as a single agent in treating patients with MM and for the exploration of combinations of IPI-504 with bortezomib. In addition, it is important to note that clinical investigations of Hsp90 and proteasome inhibitor combinations are currently underway in Phase 1b trials.
In summary, we have described the development of IPI-504, an anti-cancer agent currently in Phase I clinical trials whose therapeutic window is maximized by preferentially exerting its effects on cancer versus normal cells at the biochemical, cellular, and in vivo level. The combined selectivity at the biochemical, cellular, and whole-organism level serve to maximize the therapeutic window for IPI-504.
Within the broad range of potential cancers that can be treated by an Hsp90 inhibitor, this paper specifically characterizes the effect of IPI-504 in MM. It is demonstrated that myeloma can be effectively treated both in vitro and in in vivo murine models by agents that disrupt protein homeostasis such as IPI-504 and bortezomib. Furthermore, the combination of these two agents is synergistic, suggesting an opportunity for the clinical treatment of MM.
Lastly, it was revealed that IPI-504 is a water-soluble analog of 17-AAG that allows a more favorable formulation for clinical development. Unknowingly it has been previously administered to humans through the administration of its quinone analog 17-AAG and its subsequent interconversion. Whereas 17-AAG has been the subject of extensive investigation over the last several years, its potential as a drug has been limited by its unfavorable pharmaceutical properties. Herein, we demonstrated how the pharmaceutical liabilities of 17-AAG have been solved through the synthesis of IPI-504, the hydroquinone hydrochloride of 17-AAG, which is highly soluble in aqueous formulations and does not require the addition of organic solvents or emulsification agents. In the process of characterizing the interconversion between 17-AAG and IPI-504, it was revealed that the slightly more potent component of 17-AAG is manifested in the unexpected formation of IPI-504.
Materials and Methods
Materials. Pooled human liver microsomes were obtained from Xenotech (Lenexa, KS). NADP and glucose-6-phosphate, glucose-6-phosphate dehydrogenase, MgCl 2 , potassium phosphate, citric acid, and ascorbic acid were all purchased from Sigma. Water (HPLC grade) was obtained from J. T. Baker (Philipsburg, NJ).
Acetonitrile (HPLC grade) was purchased from EMD Chemicals (Gibbstown, NJ), and formic acid was supplied by Fluka Chemie (Buchs, Switzerland). Calcium disodium EDTA was obtained from Spectrum (New Brunswick, NJ).
Synthesis of IPI-504. For details regarding the synthesis, please refer to Supporting Materials and Methods, which is published as supporting information on the PNAS web site, or to Ge et al. (19) .
Interconversion of IPI-504 and 17-AAG in Vitro in Human Liver Microsomes. A 0.5-ml reaction mixture containing 0.8 mg͞ml liver microsomes, 1 mM NADP, 5 mM glucose-6-phosphate, 0.5 units͞ml glucose-6-phosphate dehydrogenase, 3 mM magnesium chloride, 1 mM EDTA, 50 mM potassium phosphate (pH 7.4), and 80 M compound was incubated at 37°C for 0, 5, 10, 15, 30, 45, and 60 min. Control reactions without NADP were also performed. After incubation, the reaction was stopped by the addition of 0.5 ml of the quench buffer [2:1 (vol͞vol) mixture of methanol and 270 mM citrate (pH 3), 0.5% (wt͞vol) EDTA, 0.5% (wt͞vol) ascorbate]. The reaction was centrifuged for 3 min at 18,000 ϫ g at 4°C. Twenty-five microliters of the supernatant was analyzed by HPLC on an Atlantis 2.1 ϫ 150 mm dC18 column (Waters, Milford, MA) at a flow rate of 0.3 ml͞min. The mobile phase initially started at 95% H 2 O, 0.1% (vol͞vol) formic acid, and 5% acetonitrile 0.1% (vol͞vol) formic acid, increasing to 30% organic over 1 min and then to 95% organic over 13 min. The peak area for the hydroquinone form of 17-AAG was determined by its absorbance at 230 nm and the quinone form at 335 nm. The chromatographic overlays were performed at 230 nm.
Comparative Pharmacokinetics and Interconversion of IPI-504 and
17-AAG in Mice. BALB͞c mice were randomly assigned to one of two treatment groups, and 50 mg͞kg IPI-504 (in 50 mM citrate, 50 mM ascorbate, and 2.4 mM calcium disodium EDTA, pH 3.0) or 50 mg͞kg 17-AAG (in N,N-dimethyl acetamide, Cremophor EL, and 0.9% saline at a ratio 5:7.5:87.5) were administered i.v. via the tail vein. At 5, 15, and 30 min and 1, 2, 4, 6, and 24 h postdose, mice (n ϭ 3 per time point) were euthanized according to an institutional animal care and use committee protocol with carbon dioxide, and blood was collected by cardiac puncture. Plasma was immediately separated and quenched with ice-cold 75 mM citrate, 0.1% (wt͞vol) EDTA, 0.1% (wt͞vol) ascorbate at a ratio of 1:9 plasma:quench buffer and stored at Ϫ80°C.
Quenched plasma samples were thawed at room temperature and immediately transferred on ice after thawing. A 1:1 dilution was performed with ice cold, nitrogen-sparged 75 mM citrate, 0.1% (wt͞vol) EDTA, 0.1% (wt͞vol) ascorbate, pH 3 quenching buffer, containing 25 ng͞ml deuterated 17-AAG as an internal standard, and samples were immediately analyzed by LC-MS͞MS.
A standard curve was prepared in quenched plasma on ice from 15.6 ng͞ml to 2 g͞ml (plasma concentration) and diluted in the same way with internal standard solution as the samples. For concentrations higher than 2 g͞ml plasma, a standard curve at higher concentrations was prepared, and both samples and standard curve were diluted at a higher ratio.
Sample analysis was performed on an Aria 2300 system from Cohesive Technologies (Franklin, MA) with a 4000 Q Trap mass spectrometer from Applied Biosystems (Foster City, CA). Samples were injected on a Cyclone-P turbulent flow column for extraction and then transferred to the analytical column (Symmetry IS, 2. 
